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a b s t r a c t 
Beryllium intermetallic compounds (beryllides) are the most promising candidate materials for use as ad- 
vanced neutron multipliers in future fusion reactors because of their low swelling and high stability at 
high temperatures. Recently, beryllium–titanium beryllide pebbles such as Be 12 Ti have been successfully 
fabricated using a novel granulation process. In this study, the fundamental aspects of the behavior of 
hydrogen isotopes in Be 12 Ti pebbles were investigated via thermal desorption spectroscopy and trans- 
mission electron microscopy. In addition, atomistic calculations using ﬁrst principles electronic-structure 
methods were applied to determine the solution energy of hydrogen in Be 12 Ti. The results showed sim- 
pler and weaker hydrogen-trapping eﬃciency for Be 12 Ti than for pure Be. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Advanced neutron multipliers with lower swelling and higher
tability at high temperatures are desired for solid breeder blan-
ets of future fusion reactors. Beryllium intermetallic compounds
beryllides) have been considered as advanced neutron multiplica-
ion materials because of their advantages, such as higher melting
oint, lower chemical reactivity, and lower swelling, over beryl-
ium. Therefore, the development of fabrication techniques for
eryllides has been pursued [1–4] . Recently beryllium–titanium
eryllide pebbles such as Be 12 Ti have been successfully fabricated
sing a novel granulation process [5,6] . 
For the practical use of beryllide pebbles in a future fusion re-
ctor such as the DEMOnstration Power Plant (DEMO), an under-
tanding of the behavior of hydrogen isotopes in the neutron mul-
iplier is critical because it inﬂuences the functional maintenance
f the materials and the safety of the reactor. In this study, the
ehavior of hydrogen isotopes in Be 12 Ti pebbles fabricated using
he novel granulation method was investigated and compared with
etallic Be pebbles via thermal desorption spectroscopy (TDS). The
ssociated microstructure evolution during annealing was observed
sing a transmission electron microscope (TEM). In addition, the∗ Corresponding author. 
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and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.001 ydrogen positions and solution energies in Be 12 Ti were investi-
ated using atomistic calculations based on ﬁrst principles. 
. Experimental procedure 
Samples used in this study were pebble-type pure Be and
e 12 Ti with a diameter of less than 1 mm. These samples were fab-
icated using newly developed methods combining plasma sinter-
ng and rotating electrode methods. 
To investigate the characteristics of the hydrogen retention be-
avior in these samples, TDS was applied after low-energy deu-
erium ion irradiation without having to change the spherical
hapes of the pebble samples. The irradiation was carried out with
 keV D 2 
+ ions (corresponding to 1.5 keV D + ) using ﬂuences in the
ange of 1 ×10 21 to 1 ×10 23 D/m 2 at room temperature. The depth
istributions of damage and ion range were calculated for this ir-
adiation condition by TRIM-code, and the peak depths of them
ere estimated to be about 25 and 40 nm, respectively, for both
ure Be and Be 12 Ti. While it does not necessarily simulate a par-
icle load under a fusion plasma condition, an ion energy of 3 keV
as applied due to the ion source stability of our irradiation de-
ice. It should be noted that a surface effect cannot be totally ig-
ored. After irradiation, the samples were annealed from 300 to
200 K at a constant heating rate of 1 K/s in a high vacuum and
he released D 2 was monitored using a quadruple mass spectrom-
ter (QMS). The QMS signals were calibrated using a standard leaknder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Thermal desorption spectra of deuterium from Be 12 Ti and pure Be irradiated 
with 3 keV D 2 
+ at a ﬂuence of 1 ×10 22 D + /m 2 at room temperature. 
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tbottle to quantitatively estimate the deuterium-retention behav-
ior. In addition to the constant heating rate for TDS, the depen-
dence of the heating rates in the range of 0.1–10 K/s was also eval-
uated to estimate the apparent activation energies of deuterium
desorption. 
The corresponding microstructure evolution induced by irradia-
tion with 3 keV D 2 
+ and the subsequent annealing was examined
using an in situ TEM (JEOL-JEM2010) equipped with an ion gun.
The focused ion beam technique was applied to prepare the sam-
ples from the beryllide pebbles for in situ TEM observation. 
3. Calculation details 
The solution energy of hydrogen in Be 12 Ti was investigated with
atomistic calculations using ﬁrst principles electronic-structure
methods. The calculation was performed using the density func-
tional theory method as implemented in SIESTA [7] . The elec-
tron exchange and correlation were treated with a generalized
gradient approximation of the Wu–Cohen modiﬁcation of the
Perdew −Burke −Ernzerh function [8] . The electron–ion interactions
were described by norm-conserving Troullier–Martins pseudopo-
tentials. The valence wave functions were expanded in a basis set
of localized atomic orbitals. We used double- ζ bases with polar-
ization orbitals in the Be2s, 2p, 3d, 4f, and Ti4s, 4p, 3d, 4f chan-
nels. The calculations were carried out in a super-cell containing
52 atoms (48Be + 4Ti). The convergence of the calculations was
tested, and we determined that a 4 ×4 ×4 k -point grid and a 200
Ry cutoff for the real space mesh produced well-converged results.Fig. 2. Microstructure evolution during annealing for pure Be and Be 12 Ti pre-irra
Please cite this article as: Y. Fujii et al., Hydrogen retention behavior 
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.001 diated with 3 keV D + at a ﬂuence of 1 ×10 21 D + /m 2 at room temperature. 
elaxation was performed until all Hellmann −Feynman forces con-
erged to 0.01 eV/ ˚A. 
The solution energy E s of a hydrogen atom was deﬁned using
he following equation: 
E s = E(B e 12 Ti − H) − E(B e 12 Ti ) − 1 / 2 E ( H 2 ) , (1)
here E (Be 12 Ti-H), E (Be 12 Ti), and E (H 2 ) are the total energies of
he system for hydrogen in Be 12 Ti, the perfect Be 12 Ti crystal, and
he hydrogen molecule, respectively. 
. Results and discussions 
The thermal desorption experiments exhibited key differences
etween Be and Be 12 Ti pebbles. Fig. 1 shows the deuterium des-
rption spectra from Be and Be 12 Ti irradiated with 3 keV D 2 
+ at a
uence of 1 ×10 22 D + /m 2 at room temperature. While two clear
esorption peaks occurred at a high temperature of 870 K and a
ow temperature of 680 K for pure Be, it was found that, for Be 12 Ti,
nly a smaller peak at a low temperature of around 620 K was
resent, accompanied by a tail extending to higher temperatures.
oncerning desorption from pure Be, several authors have reported
hat the lower and higher temperature desorption peaks are re-
ated to beryllium hydride [9] and cavities ﬁlled with D 2 [10,11] ,
espectively. 
The microstructure evolution obtained by in situ TEM observa-
ion, which is closely related to the thermal desorption spectra,
romoted an understanding of the retention mechanism. This ob-
ervation also showed the clear difference between the behavior of
euterium bubbles for Be and Be 12 Ti. Fig. 2 shows the microstruc-
ure evolution during annealing for pre-thinned Be and Be 12 T irra-
iated with 3 keV deuterium ions at a ﬂuence of 1 ×10 21 D + /m 2 at
oom temperature. For both samples, ﬁne and highly dense deu-
erium bubbles began to be observed at a ﬂuence of ∼10 21 D + /m 2 .
he bubbles in Be exhibited signiﬁcant growth with an increasing
emperature of up to 773 K before ﬁnally disappearing at ∼873 K.
s reported elsewhere [10] , the desorption peak observed in Be at
igher temperatures seems to be attributed to the release from the
arge deuterium bubbles. On the other hand, the bubbles in Be 12 Ti
radually shrunk at above 673 K without obvious growth and com-
letely disappeared at above 773 K. This result indicates that the
ain peak observed in the TDS measurement for Be 12 Ti at a rel-
tively lower temperature is associated with desorption from the
ne bubbles. 
To estimate the apparent activation energies of deuterium des-
rption, the dependence of the heating rates in the range of 0.1–
0 K/s was evaluated. For a simple desorption model, the desorp-
ion rate of deuterium N (t) can be expressed as 2 
of beryllides as advanced neutron multipliers, Nuclear Materials 
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Fig. 3. Arrhenius plot for pure Be and Be 12 Ti. 
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Fig. 5. Total retention of deuterium in pure Be and Be 12 Ti as a function of the ﬂu- 
ence of 3 keV D 2 
+ . 
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B   ( t ) = d σ/d t = −νn σ n exp ( −E/kT ) , (2)
here σ is the surface coverage, n is the order of the desorption
eaction, νn is the rate constant, k is the Boltzmann constant, and
 is the apparent activation energy of desorption [12] . The rela-
ionships among the desorption peak temperature T p , heating rate
, and apparent activation energy E can be expressed without de-
ending on n as 
n (β/T 2 p ) = −E /k T p − ln (E /kν) . (3)
Fig. 3 shows the Arrhenius plot for pure Be and Be 12 Ti. In
his plot, the accidental errors were not taken into considera-
ion, since each data was obtained by one measurement. Using
q. (3) , the activation energies were estimated to be 0.23 ± 0.01
nd 0.42 ± 0.05 eV for the low and high temperature peaks in Be,
espectively, and 0.20 ± 0.02 eV for the peak in Be 12 Ti. This result
uantitatively indicates a weaker trapping eﬃciency of deuterium
n Be 12 Ti compared with Be. 
In addition to the experimental measurements, we studied the
nergetics of interstitial hydrogen in Be 12 Ti with atomistic calcula-
ions using ﬁrst principles electronic-structure methods. 
Parameters designed to optimize the lattice constants by vary-
ng the lattice constants and axial ratio (ratio between a-axis and
-axis) based on ﬁrst principles were deduced to be a = b = 7.625 A˚
nd c = 4.319 A˚. These values were similar to the experimental val-Fig. 4. Six energetically favorable conﬁgura
Please cite this article as: Y. Fujii et al., Hydrogen retention behavior 
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es of a = b = 7.360 A˚ and c = 4.195 A˚ [13] , thus demonstrating the
alidity of the calculations. 
To investigate the hydrogen solution state in the Be 12 Ti super-
ell, 20 sets of lattice sites were chosen for the initial location of a
ydrogen atom. 
After relaxation, we found six interstitial sites of H in Be 12 Ti
s follows: the interstice of the formal Be 4 Ti 2 octahedron (O-
ite), Be 3 Ti tetrahedron (T1-site), Be 4 Ti trigonal-dipyramid (TD1-
ite), Be 8 dodecahedron (D-site), Be 5 trigonal-dipyramid (TD2 site),
nd Be 4 tetrahedron (T2-site). The atomic conﬁgurations of these
ix interstitial sites are shown in Fig. 4 and the solution energies
re listed in Table 1. 
Since the solution energies show positive values for each con-
guration, it can be said that Be 12 Ti is an endothermic hydrogen-
ccluding metal, i.e., hydrogen does not effectively form a solid so-
ution in Be 12 Ti unless there are pre-existing defects. 
The results thus far indicate a weaker trapping eﬃciency of hy-
rogen in Be 12 Ti than in pure Be. Due to this weak trapping eﬃ-
iency, the total deuterium retention in Be 12 Ti is smaller than that
n pure Be. Fig. 5 shows the total retention of deuterium in pure
e and Be 12 Ti as a function of the ﬂuence of 3 keV D 2 
+ . The re-
ention of Be 12 Ti was evaluated to be less than half of that in pure
e over a ﬂuence range of 10 20 to 10 23 D + /m 2 . In this respect, as12 
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Table 1 
Solution energies of hydrogen for available sites in the Be 12 Ti structure. 
Site- 1 O (Be 4 Ti 2 ) Site-2 T1 (Be 3 Ti) Site- 3 TD1 (Be 4 Ti) Site- 4 DOD (Be 8 ) Site- 5 TD2 (Be 6 ) Site- 6 T2 (Be 4 ) 
+ 0.11 eV + 0 .27 eV + 0 .33 eV + 0 .52 eV + 0 .85 eV + 1 .06 eV 
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[a neutron multiplier, the newly developed Be 12 Ti pebbles exhibit
better performance than pure Be pebbles. To understand the usage
condition of Be 12 Ti pebbles, the effects of irradiation temperature
and the additional inﬂuence of transmuted helium on the hydro-
gen retention property will be studied in future work. 
5. Summary 
The hydrogen retention behavior in Be 12 Ti pebbles for use
as advanced neutron multipliers was investigated by TDS and
TEM observation for comparison with pure Be pebbles. In ad-
dition, atomistic calculations using ﬁrst principles electronic-
structure methods were applied. The following results were
obtained. 
1. The TDS results imply a simpler and weaker retention mech-
anism for Be 12 Ti than for metallic Be. 
2. The apparent activation energies of hydrogen desorption in
Be 12 Ti were estimated to be 0.20 eV, which is much lower
than that for metallic Be. 
3. Results from the ﬁrst principles electronic-structure method
indicate that Be 12 Ti is an endothermic hydrogen-occluding
metal, i.e., hydrogen does not effectively form a solid solu-
tion in Be 12 Ti unless there are pre-existing defects. Please cite this article as: Y. Fujii et al., Hydrogen retention behavior 
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.001 As a result, Be 12 Ti pebbles are superior to Be pebbles from the
iewpoint of hydrogen retention behavior. 
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